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Abstract—With bulky dc-link capacitors/inductors, traditional 

voltage-source converters (VSCs) and current-source converters 

(CSCs) feature a large inertia to facilitate the converter control 

under large transients. To achieve high power density with 

reduced cost, low-inertia converters (LICs) featuring significantly 

reduced dc-link capacitors/inductors have attracted growing 

attention. However, without bulky dc-link energy buffer, LICs are 

prone to control saturation under large transients, resulting in 

undesired oscillation and instability. This issue cannot be managed 

by traditional proportional-integral based control due to the low 

inertia. And it will deteriorate when several LICs are connected in 

series. To address this challenge in LICs, a model-predictive 

control (MPC) with a computation-inexpensive feed-forward 

compensation method has been proposed to provide fast dynamic 

responses. But it would suffer control saturation under larger 

transients that degrades the control performance. In this article, a 

charge-based droop control (CDC) is proposed to address this 

remaining challenge. This paper firstly analyzes the control 

saturation challenge in LICs by using a tri-port soft-switching 

solid-state transformer as an example. Next, the operating 

principle of the proposed CDC are introduced. Two different 

implementation approaches are discussed in detail. Lastly, the 

proposed scheme is validated in simulation with a high-fidelity 

model of hardware prototype. The proposed CDC eliminated the 

2 kHz oscillation and reduced the dc-link ripple and overshoot due 

to control saturation by 75% and 50%, respectively. 

Keywords—Droop control, control saturation, current-source 

converters, soft-switching solid-state transformer, low inertia. 

I. INTRODUCTION 

With bulky dc-link capacitors or inductors, traditional 
voltage-source converters (VSCs) and current-source converters 
(CSCs) feature a large inertia as the energy buffer. This nature 
facilitates traditional proportional-integral (PI) based control, 
despite of its relatively slow dynamics, to respond to large 
transients effectively. But these bulky dc-link elements has 
become one of major barriers to high-power-density 
applications [1-3].  

Compared with conventional converters with bulky dc-link 
capacitors or inductors, low-inertia converters (LICs) reduce the 
dc-link size significantly, leading to improved power density 
and decreased total cost. Hence, LICs have attracted growing 
attention in recent years and can be found in various 
applications, such as motor drives, solar inverters, solid-state 
transformers, and energy routers [4-10].  

In [6], a single-stage soft-switching solid-state transformer 
(S4T) was proposed. It features a low-inertia current-source 
converters with universal interface of DC, single-phase AC, and 
three-phase AC. In addition, S4T converter also provides soft-
switching operation across entire load range, bidirectional 
power flow capability, galvanic isolation, controlled low dv/dt 
and electromagnetic interference (EMI). However, similar to 
other LICs, owing to the absence of bulky dc-link energy buffer, 
LICs require a fast-response control to survive from large 
transients, making the traditional PI-based control a less 
competitive option to model-based control. In addition, once the 
transients go beyond the dc-link’s operating range, LICs are 
prone to control saturation, resulting in undesired oscillation, 
power imbalance, and instability in the worst case. These issues 
become more challenging once LICs are connected in series 
stacked way [3, 11].  

To address this challenge, a model-predictive priority-
switching (MPPS) was proposed in [3]. It controls selected 
parameters based on the control priority during large transients 
due to limited control degree of freedom. But it  is contrained by 
dc-link current overrating, resulting in control saturation. In 
addition, a second-order compensation would be 
computationally expensive when being applied to N-port LICs 
(N ≥ 3). Instead, a new feed-forward compensation method with 
only one arithmethic operation was proposed in [11] to reduce 
implementation effort and computation cost, making it friendly 
to N-port LICs. However, the challenge of control saturation still 
remains during large transients. It leads to dc-link oscillation and 
in the worst case, even collapse due to the instability, requiring 
a dedicated scheme to enhance the reliability of LICs. 

To address control saturation issue in LICs, a charge-based 
droop control (CDC) is proposed in this article. It features fast-
response, easy implementation, high scalability, and no extra 
hardware components. Taking a S4T-based tri-port medium-
voltage string inverter (TMVSI) as an example of LICs, an dc-
link oscillation issue induced by control saturation is presented. 
Next, the proposed CDC and its two implementation approaches 
are introduced. Lastly, simulation results are exhibited to 
validate the effectiveness of the proposed scheme. 

II. TRI-PORT MEDIUM-VOLTAGE STRING INVERTER 

Based on S4T topology, the tri-port medium-voltage string 
inverter (TMVSI) features a competitive candiate for utility-
scale solar-plus-storage farms [7]. It integrates paired battery 
storage without adding extra converters and enable medium-
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voltage colletion network of photovoltaic (PV) energy to reduce 
copper cost and losses, leading to significantly reduced levelized 
cost of energy (LCOE) for utility-scale PV farms [12]. It also 
presents several other attractive features to leverage WBG 
devices, including soft-switching operation over the entire load 
range, fully bidirectional power flow capability, galvanic 
isolation, controlled low dv/dt and EMI, benign fault tolerance, 
and independent power flow control of different ports [6, 7] 

Fig. 1 shows the schematic of 300 kVA/4 kVac S4T-based 
TMVSI. It contains twelve 25 kVA/600 Vac S4T modules 
connected in the input-parallel-output-series (IPOS) way. Each 
module is configured as a tri-port S4T to interface PV and 
battery storage on the low-voltage (LV) bridge. On the medium-
voltage (MV) bridge, each module outputs a 600 V single-phase 
AC voltage for series stacking and four of them are connected 
in series to achieve 2.4 kVac MV on the AC side. Three of them 
with a 120° phase shift constitute a three-phase system to 
achieve 4 kV MVAC output. For each 25 kVA/600 Vac S4T 
module, it consists of two CSC bridges for input/output 
interface, a medium-frequency transformer (MFT) for galvanic 
isolation and energy storage, two auxiliary resonant tanks 
comprising active switches and LC circuits enabling zero-
voltage-switching (ZVS) for main devices. 

Fig. 2 presents characteristic waveforms of TMVSI [7]. 
Similar to traditional flyback converters, the active voltage 
vectors formed by input/output ports, ���, ����, ��	 , and a free-

wheeling state, �
� , are connected to the MFT for a certain 
portion of switching cycles to transfer the power. These vectors 
are sorted in the descending order of their voltage magnitudes to 
guarantee ZVS conditions for main devices with the aid of 
resonant tanks. At the end of each switching cycle, the resonnat 
state will be activated to flip the resonant capacitor voltage, 
preparing the ZVS conditions for the next cycle. As a result, the 
dc-link magnetizing current of the MFT will vary during active 
states while remaining nearly constant during ZVS, 
freewheeling, and resonat state. 

 Please note that the MFT of the TMVSI usually features a 
several hundreds of microhenry, significantly smaller than 
traditional CSCs.  A current ripple of 0.4 ~ 0.6 per unit (p.u.) is 
typically selected to provide control flexibity. Hence, only a 
small amount of energy can be stored in the reduced dc-link, 
featuring a low inertia nature. Differrent from traditional 
converters with bulky dc-links, the low inertia of TMVSI 
provides limited buffering period for the converter’s response to 
large transients. Therefore, instead of applying traditional PI-
based control, fast-dynamic model-predictive control (MPC) 
was adopted [11, 13].  

III. MODEL-PREDICTIVE CONTROL AND CONTROL SATURATION 

IN LARGE TRANSIENTS 

Model-predictive control (MPC) was adopted to manage the 
fast dynamics of the low-inertia TMVSI. But contrained by the 
maximum dc-link current and resulted MFT saturation, MPC 
would suffer saturation issue when the transients are sufficiently 
large, resulting in oscillation and even instability in the dc-link 
of the TMVSI. In this section, the MPC is briefly introduced and 
the control saturation issue will be highlighted to justify the 
motivation behind the proposed CDC.  

A. Model-Predictive Control with Feed-Forward 

Compendation for delays  

In [3], MPPS control was proposed for low-inertia S4T-
based MVDC converters. But using a second-order 
compensation item for computational and sampling delay, it 
costs lots of computational resources, making it not easily 
extended to N-port LICs (N ≥ 3). Instead, a new feed-forward 
compensation (FFC) method with only one single arithmetic 
operation was proposed in [11] to reduce the computational 
burden. 

Fig. 3 presents the control diagram of the MPC with the 
computational-inexpensive FFC method. The MPC is 
implemented in a controller card integrating a digital signal 
processor (DSP) and field-programmable gate array (FPGA) for 
each TMVSI module. The DSP was selected to complete 
floating-point arithmetic with reduced complexity while the 
FPGA was adopted owing to its superior multitasking 
performance at an extremely high clock frequency.  

Interfacing with the hardware prototype directly, the FPGA 
accomplishes multiple tasks simultaneously at 50 MHz clock 
frequency, including sampling and processing voltage/current 
sensor measurements, detecting overvoltage and overcurrent 
faults, and executing the state machine for each 16 kHz 

            

Fig. 2. Characteristic operating waveform of TMVSI. PV and battery 

charges dc-link magnetizing inductance while AC port discharges it. 

 

Fig. 1. Schematic of the 300 kVA/4 kVac S4T-based tri-port medium-
voltage string inverter. 



switching cycle. Based on sampled data and the TMVSI model, 
the DSP determines the state sequence and time duration of each 
state, generating the state machine for each switching cycle. 
Lastly, the state machine generated in the DSP is sent back to 
the FPGA to be executed for hardware control. One-switching-
cycle computational and sampling delay is induced by this MPC 
and is compensated by a single arithmetic operation in practive 
[7, 11]. 

B. Control Saturation Under Large Transients  

The objective of MPC with FFC is to control the dc-link 
magnetizing current im as close to its reference value Im,ref as 
possible within each switching cycle, which is dictated by the 
volt-second balance of magnetizing inductance of the MFT, Lm, 
with 

 �
 =
����∙��������∙��������∙�������∙����

��
 

                ≜ �!,"#
                                         (1) 

$	�% = $&' + $)�� + $�	 + $*+ + $,'- + $./- = 0-+            (2) 

In practice, the power mismatch between PV and grid port is 
balanced out by the decoupling port, the common battery 
storage/capacitor. With a careful converter design, the 
calculated time period,  $	�%  always equals to the switching 
period, Tsw, in normal operation.  

 But under large transients, $	�%  might exceed Tsw, resulting 
in control saturation. Once control saturation occurs, the time 
duration of the last active vector, i.e. the AC vector in the 
example shown in Fig. 2, has to be truncated to maintain a 
constant switching frequency. Therefore, a power shortage on 
the AC output and a charge imbalance across Lm would be 
observed. With only one control of freedom im, either im or Vac 
has to be sacrificed, assuming power input is fixed. Since the Lm  

is designed to allow a current ripple of 0.4~0.6 p.u. for control 
flexibility, an oscillation on �! will be observed for a guaranteed 
1�2 when transients are within the converter limit. Otherwise, the 
�! would go above the limit of the MFT and saturate the MFT. 
As a result, the 3! will drop dramatically and �! will increase 
wildly and out of control, leading to a shutdown or catastrophic 
damage to the converter by overcurrent. This issue deteriorates 
once LICs are stacked connected such as TMVSI. Fig. 4 presents 

the 2 kHz oscillation on �! under control saturation captured in 
experiments. The control saturation induced a peak �!  of 2.6 
p.u. and increased distortion on AC current of the TMVSI. 

 To address it, a priority-switching method was proposed in 
[3]. However, saturation limits on time duration of each state are 
still required once the �! goes beyond its design space. Hence, 
a new anti-windup scheme is desired to address the saturation 
issue effectively. 

IV. PROPOSED CHARGE-BASED DROOP CONTROL 

To address the issue of time saturation while fulfilling the 
priority-shifting, a charge-based droop control (CDC) is 
proposed for the low-inertia TMVSI. It can be implemented with 
either two or three ports since the battery port of the TMVSI 
provides enhanced flexibility.  

 

(a) 

 

(b) 

Fig. 4. 2 kHz oscillation on �! induced by control saturation in the TMVSI.  

            

Fig. 3. Control diagram of the proposed charge-based droop control for TMVSI. 



As presented in Fig. 3, it shares the same control diagram as 
the MPC with FFC, expect for an anti-windup scheme for all 
time durations before  sending them to the FPGA to be executed. 
Analogous to P-f droop curve, charge-time (4 − $) curves are 
defined in the proposed control to eliminate surplus charge in 
3! by  sharing the excess time, ∆$/8, by input and output ports. 
The slopes are determined by voltage magnitudes of 
charging/discharging vectors.  

Fig. 5 illustrates an example of two Q-t curves in the 
proposed CDC, one by the charging battery vector and the other 
by the discharging AC vector. The horizontal axis represents the 
accumulated charge in 3!  while the vertical axis the time 
duration of each state. Once saturation occurs, time periods of 
both battery and AC vector need to be reduced. For the battery 
vector, a decrease in time means less charge injected into the 3! 
[cf. blue curve in Fig. 5],  resulting in a decreased �!. On the 
other hand, a reduction in AC state periods indicates less charge 
consumed from the 3!, i.e., more charge is left in 3! [cf. red 
curve in Fig. 5], leading to an increased �!. Consequently, the 
time duration changes of these two states should be governed by 
volt-sec balance across 3! with (3) so that no oscillation would 
happen. Finally,  ∆$/8 is shared by battery and AC vector with 
(4). 

 ∆4 = 1)�� ∙ ∆$)�� = 1�	 ∙ ∆$�	                       (3) 

 ∆$/8 = ∆$)�� + ∆$�	                           (4) 

A. Two-Port Approach  

Fig. 6 illustrates the control implementation of the selected 
state sequence in Fig. 2, where free-wheeling state is ignored for 
simplicity since it has negligible impact on the charge balance.  

In the two-port approach, only battery and AC vectors are 
involved in eliminating the excess time, ∆$/8 , that can be 
calculated by 

∆$/8 = �$&' + $)�� + $�	 + $*+ + $,'- + $./-� − 0-+       (5) 

Battery vector,  instead of PV vector, is selected to maximize 
the PV energy revenue for the system. 

With (3)(4), the charged balance across  3!  can be 
guaranteed by 

∆4 = 1)�� ∙ ∆$)�� = 1�	 ∙ ∆$�	 = 1�	 ∙ (∆$/8 − ∆$)��)    (6) 

As a result, the total excessive time ∆$/8 can be shared between 
the battery and AC vector, and the ratio is inverly proportional 
to their voltage magnitudes. Finally, the new time duration for 
battery and AC states after anti-windup, $)��

:  and $�	
: , can be 

calculated by 

$)��
: = $)�� − ∆$)��

: = $)�� − ���

��������
∙ ∆$/8                   (7) 

$�	
: = $�	 − ∆$�	

: = $�	 − ����

��������
∙ ∆$/8                             (8) 

B. Three-port Approach 

 Alternatively, the proposed control can also be fulfilled with 
three ports by engaging the PV port into the procedure as well. 

 The three-port approach is implemented in two steps. Firstly, 
two charging vectors, PV and battery in the selected example 

 

Fig. 5. Q-t curves for the proposed charge-based droop control. 

 

Fig. 6. Two-port implementation for the proposed CDC. 

 

Fig. 7. Three-port implementation for the proposed CDC. 



shown in Fig. 2, are regarded as one equivalent vector, 1;	,/<, 

with 

1)�� ∙ $)�� + 1&' ∙ $&' = 1;	,/< ∙ ($)�� + $&') = 1�	 ∙ $�	         (9) 

This combined DC vector reduces the ∆$/8  along with AC 
vector in a droop control way with (9) - (11), similar to the two-
port approach. 

  ∆$)��
:: + ∆$&'

:: = ���

�=�,>?����
∙ ∆$/8                                (10) 

  $�	
:: = $�	 − ∆$�	

:: = $�	 −
�=�,>?

�=�,>?����
∙ ∆$/8                 (11) 

 In the second step, another charge-based droop control is 
performed on the combined DC vector by PV and battery, which 
can be achieved with 

$&'
:: = $&' − ∆$&'

:: = $&' − ����

��������
∙ ���

�=�,>?����
∙ ∆$/8            (12) 

$)��
:: = $)�� − ∆$)��

:: = $)�� −
���

��������
∙ ���

�=�,>?����
∙ ∆$/8      (13) 

 In short, the three-port approach repeats the two-port 
approach twice, one between combined DC charging vector and 
the AC discharging vector and the other between the combined 
DC charging vector itself. This way provides extra flexibility 
and capability to address the time saturation at the penalty of one 
more step calculation. Both approaches are universal and can be 
seamlessly migrated to other state sequences and multi-port 
LICs with more than three ports. 

C. Implementation in Another State Sequence with One 

Charging Vector and Two Discharging Vectors 

 In addition to the state sequence shown in Fig. 2, there is 
another state sequence in the TMVSI, where PV charges the 3! 
and battery and AC discharge it. 

 Fig. 8 illustrates the proposed CDC for this state sequence, 
including both two-port and three-port implementation 
approaches. In the two-port approach, PV vector has to be used 
since it is the only charging vector for 3!. For the discharging 
vectors, battery vector is used to minimize the distortion on AC 
output. In the three-port method, battery and AC vectors are 
combined as one discharging vector to provide extra capability 
for saturaton elimination. One more sharing between the battery 
and AC vector would happen in the second step of three-port 
CDC implementation. 

V. SIMULATION VALIDATION 

 To validate the efficacy of the proposed CDC, a high-fidelity 
simulation model of the 25 kVA/600 Vac TMVSI module was 
built in PLECS. All signal latency by control, sensor bandwidth 
and delay have been included to mimic the hardware prototypes. 

 Table I summarizes the specifications of the 25 kVA/600 
Vac TMVSI module in simulation and Fig. 9 presents the 
simulation results of the proposed CDC under 50% load step 
change at AC peak. Without the proposed control, more than 
50% surplus time was induced, resulting in a 2 kHz oscillation 
with 2 p.u. overcurrent on �!, similar to the experimental results 
shown in Fig. 4. This 2 kHz oscillation significantly increased 
ripple on the �! and increased harmonics on AC output.  

TABLE I.  SPECIFICATIONS OF THE 25 KVA/600 VAC TMVSI MODULE 

IN SIMULATION 

Parameters Values Parameters Values 

Rated power 25 kVA PV voltage 
1000 

Vdc 

Battery voltage 650 Vdc AC voltage 
600 

Vac 

Controlled dv/dt 1 kV/us THD of AC output 3% 

Switching frequency 16 kHz Decoupling capacitor 1.6 mF 

Mag. inductance 340 uH Saturation current 170 A 

Resonant capacitor 60 nF Resonant inductor 2 uH 

 

 In comparison, the proposed CDC in both two-port and 
three-port implementation approaches addressed the time 
saturation effectively, reducing the �!  ripple by 75%, peak �! 
by 50%. As a result, a well-controlled and low-distorted �! and 
AC output were achieved. 

VI.  CONCLUSION 

Control saturation is a challenging issue in LICs and would 
result in undesired oscillation and even instability. In this article, 
a charge-based droop control is proposed to address this issue in 
LICs. It can be implemented in either two-port or three-port 
approaches. A high-fidelity simulation model to mimic the 
hardware prototype was used to validate the efficacy of the 
proposed control. In simulation, the proposed scheme  

 

Fig. 8. Two-port and three-port implementation for the proposed CDC in 

another state sequence with one charging vector (PV) and two discharging 
vectors (battery and AC). 



eliminated the 2 kHz oscillation and reduced the �! ripple by 
75%, �!  overshoot by 50%, leading to a well-controlled and 
low-distorted �! and AC output. 
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